Rho GTPase family proteins, including Rho, Rac1, and Cdc42, control a wide variety of cellular processes such as cell adhesion, motility, proliferation, differentiation, and apoptosis.^[@bib1]^ Rho-associated coiled-coil-containing protein kinase (ROCK) is one of the best characterized Rho effectors.^[@bib2]^ ROCK is a serine/threonine protein kinase that is activated via interactions with Rho GTPases.^[@bib3]^ ROCK activity is responsible for stabilizing actin microfilaments as well as promoting cellular contraction and cell substratum contact.^[@bib4]^

The ROCK family comprises two members: ROCK1 and ROCK2.^[@bib5]^ Both ROCK1 and ROCK2 phosphorylate a variety of protein substrates at serine or threonine residues, including myosin light chain (MLC)^[@bib6]^ and the myosin binding subunit of MLC phosphatase (MYPT).^[@bib7]^ ROCK can increase MLC phosphorylation directly by acting on MLC or indirectly by inactivating MYPT.^[@bib8]^ Increasing MLC phosphorylation and inactivating MYPT play important physiological roles in regulating the actin cytoskeleton.^[@bib9]^

ROCK activity can be regulated by several proteins, such as RhoA or caspase-3. The Rho-binding domain of ROCKs interacts with the active GTP-bound form of RhoA, thereby disrupting the interaction between RhoA and the inhibitory carboxyl-terminal region of ROCK.^[@bib2]^ ROCK can also be constitutively activated by proteolytic cleavage of this inhibitory carboxyl-terminal domain. ROCK1 is cleaved by caspase-3 during apoptosis.^[@bib10],\ [@bib11]^ In apoptotic cells, ROCK1 is not cleaved in caspase-3-deficient MCF-7 breast carcinoma cells unless procaspase-3 expression is restored.^[@bib11]^ In addition, caspase-3-mediated ROCK1 cleavage can be inhibited by caspase inhibitors in a variety of apoptotic cells.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^

Triptolide, a diterpene triepoxide ([Figure 1a](#fig1){ref-type="fig"}), is a major active component of *Tripterygium wilfordii* Hook F (TWHF) extracts. Triptolide has multiple pharmacological activities, including anti-inflammatory, immune modulation, and antitumor activities.^[@bib15]^ The antitumor effects of triptolide have recently attracted considerable attention. Triptolide inhibits proliferation and induces apoptosis in various cancer cell lines *in vitro* and inhibits tumor growth and metastases *in vivo*^[@bib16]^ through multiple mechanisms, including: downregulating the antiapoptotic proteins XIAP, Mcl-1, and Bcr-Abl;^[@bib17],\ [@bib18],\ [@bib19]^ upregulating p53, p21, and Bcl2-associated X protein (Bax);^[@bib20],\ [@bib21],\ [@bib22]^ suppressing HSP70;^[@bib23]^ and downregulating MDR1.^[@bib24]^

Several signaling pathways have also been reportedly involved in triptolide-mediated apoptosis. For instance, triptolide can induce apoptosis by inhibiting NF-*κ*B and activating MAPKs.^[@bib25]^ In cervical cancer cells, triptolide inactivates Akt and induces caspase-dependent death via mitochondrial apoptosis,^[@bib26]^ and in acute myeloid leukemia (AML) cells, triptolide induces apoptosis by inhibiting JAK/STAT signaling.^[@bib27]^ The molecular mechanisms of triptolide-induced apoptosis in human leukemia cells have not been fully explored.

In the present study, we examined the effects of triptolide on apoptosis in various leukemia cell lines and primary human leukemia blasts. For the first time, we show that triptolide selectively induces apoptosis in human leukemia cells through the ROCK1/MLC signaling pathway and that caspase-3-mediated ROCK1 activation is involved in this process. Our *in vivo* study also showed that ROCK1 activation and MLC phosphorylation are associated with the triptolide-mediated inhibition of U937 xenograft growth in nude mice. Because triptolide is currently being evaluated in clinical trials for treating cancer, especially human leukemia,^[@bib28]^ understanding its antileukemic activity may have potential clinical implications.

Results
=======

Triptolide selectively induced apoptosis and mitochondrial injury in multiple leukemia cell lines and primary human leukemia blasts
-----------------------------------------------------------------------------------------------------------------------------------

The dose-dependent effects of triptolide on apoptosis in U937 cells were determined using flow cytometry analysis. Exposing U937 cells to 10 nM triptolide resulted in a moderate increase in apoptosis, and 20, 30, and 40 nM triptolide exacerbated this effect ([Figure 1b](#fig1){ref-type="fig"}). A time-course analysis showed that cells exposed to 40 nM triptolide experienced a slight increase in apoptosis as early as at 6 h of exposure; this increase in apoptosis became even more apparent at 12, 18, and 24 h of drug exposure ([Figure 1b](#fig1){ref-type="fig"}).

The outer mitochondrial membrane becomes permeable during mitochondrial apoptosis, a process that is necessary for cytochrome *c* release and caspase acitvation.^[@bib29]^ We investigated mitochondrial alterations as well as caspase activation in response to triptolide treatment. Exposing U937 cells to triptolide resulted in a pronounced loss of mitochondrial membrane potential (Δψ~m~) in both dose- and time-dependent manners ([Figure 1b](#fig1){ref-type="fig"}). Consistent with these findings, the same triptolide concentrations and exposure lengths resulted in significant caspase-3, caspase-9, and poly-ADP-ribose polymerase (PARP) cleavage, cytochrome *c* release, and nuclear apoptosis-inducing factor (AIF) accumulation ([Figure 1c](#fig1){ref-type="fig"}). The time-dependent nuclear AIF accumulation was also observed by immunofluorescence in cells exposed to triptolide ([Figure 1d](#fig1){ref-type="fig"}).

To determine whether triptolide-induced apoptosis was specific for U937 cells, parallel studies were performed using other human leukemia cell types, including Jurkat T-lymphoblasts and HL-60 promyelocytic leukemia cells. These cell lines exhibited apoptotic effects similar to those in U937 cells ([Figure 1e](#fig1){ref-type="fig"}). In addition, Jurkat and HL-60 cells had comparable degrees of caspase-3 and caspase-9 activation, PARP cleavage, cytochrome *c* release, and nuclear AIF accumulation ([Figure 1f](#fig1){ref-type="fig"}).

Primary mononuclear cells were also isolated from 44 leukemia patients (29 with AML, 2 with acute lymphocytic leukemia, 11 with chronic myelogenous leukemia, and 2 with chronic lymphocytic leukemia) to determine whether triptolide could also trigger apoptosis in primary human leukemia cells. Cells were treated with or without 40 nM triptolide for 24 and 36 h, and apoptosis levels were measured by flow cytometry. The characteristics of the leukemia patient samples are summarized in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Exposure to 40 nM triptolide for 24 h resulted in a significant increase in apoptosis in primary leukemic blasts (mean increase of 36.37% for triptolide treatment *versus* 13.14% for control cells, *P*\<0.0001, *n*=44). Exposing cells for 36 h exacerbated this increase in apoptosis (mean increase of 54.53% for triptolide treatment *versus* 13.14% for control cells, *P*\<0.0001, *n*=44; [Figure 2a](#fig2){ref-type="fig"}). Treating leukemia blasts from four AML patients with triptolide also resulted in caspase-3, caspase-9, and PARP cleavage, and cytochrome *c* release ([Figure 2b](#fig2){ref-type="fig"}).

The same triptolide concentrations and exposure lengths had minimal lethality in normal CD34^+^ cells isolated from the bone marrow of six healthy donors ([Figure 2c](#fig2){ref-type="fig"}). The characteristics of the healthy donors are summarized in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Triptolide treatment also had no apparent effect on caspase-3, caspase-9, and PARP cleavage in normal CD34^+^ cells ([Figure 2d](#fig2){ref-type="fig"}).

Bax translocation was induced by triptolide-mediated apoptosis
--------------------------------------------------------------

Bax is an important proapoptotic factor that is involved in mitochondrial apoptosis. Following a death signal, Bax is translocated from the cytosol to the outer mitochondrial membrane where it promotes the release of different apoptogenic factors, such as cytochrome *c*, via membrane permeabilization.^[@bib30]^ We examined the intracellular localization of Bax in mitochondrial and cytosolic fractions using immunoblots. Bax was predominantly found in the cytosolic fraction of untreated control cells ([Figure 3a](#fig3){ref-type="fig"}). Triptolide redistributed Bax from the cytosolic to mitochondrial compartment.

We also investigated the sub-cellular localization of Bax during triptolide-induced apoptosis using immunofluorescence microscopy. In untreated cells, Bax was mostly distributed in the cytosol; however, upon triptolide treatment, there was a clear shift in Bax localization from the cytosol to the mitochondria ([Figure 3b](#fig3){ref-type="fig"}). This Bax translocation was also observed in Jurkat and HL-60 cells treated with triptolide ([Figure 3c](#fig3){ref-type="fig"}). These findings suggest that Bax translocation may contribute to apoptosis in cells that are exposed to triptolide.

ROCK1 activation and MLC and MYPT phosphorylation contributed to triptolide-mediated apoptosis
----------------------------------------------------------------------------------------------

Studies have shown that ROCK1 activity may be necessary for cytoskeletal reorganization and membrane blebbing during apoptosis.^[@bib10]^ We examined the effects of triptolide on ROCK1 expression. Cells treated with 20 nM triptolide for 24 h experienced a modest decrease in ROCK1 expression and increased ROCK1 cleavage. These events became even more apparent at 30 and 40 nM triptolide ([Figure 4a](#fig4){ref-type="fig"}). A time-course study of cells exposed to 40 nM triptolide revealed a moderate increase in ROCK1 cleavage and activation after 12 h of drug exposure; these events became more obvious after 18 and 24 h of drug exposure ([Figure 4a](#fig4){ref-type="fig"}).

As ROCK1 is a major target of RhoA,^[@bib31]^ we also evaluated the effect of triptolide on RhoA activation. RhoA activation was measured in U937 cells treated with triptolide using a GST-RBD (glutathione *S*-transferase-RhoA binding domain of Rhotekin) pull-down assay. Unfortunately, triptolide treatment did not affect RhoA activation (RhoA-GTP) and total RhoA levels ([Figure 4a](#fig4){ref-type="fig"}).

ROCK1 has also been recently shown to regulate MLC phosphorylation that is necessary for forming dynamic membrane blebs during apoptosis.^[@bib11]^ Therefore, we evaluated phosphorylated MLC levels during triptolide-induced apoptosis. Cells treated with 20 nM triptolide for 24 h had slightly elevated levels of phospho-MLC that increased in cells treated with 30 and 40 nM triptolide ([Figure 4a](#fig4){ref-type="fig"}). A time-course analysis of cells exposed to 40 nM triptolide found that phospho-MLC levels slightly increased after 12 h of drug exposure; this increase became more apparent after 18 and 24 h of drug exposure ([Figure 4a](#fig4){ref-type="fig"}). In contrast, triptolide treatment had no effect on total MLC levels ([Figure 4a](#fig4){ref-type="fig"}).

Studies have also reported that the ROCKs also phosphorylate MYPT.^[@bib32]^ MYPT phosphorylation blocks MLC dephosphorylation, leading to MLC activation.^[@bib33]^ We determined the effects of triptolide on MYPT phosphorylation. Exposing U937 cells to triptolide markedly increased phospho-MYPT levels in both dose- and time-dependent manners ([Figure 4a](#fig4){ref-type="fig"}). In contrast, triptolide treatment had no effect on the expression of total MYPT ([Figure 4a](#fig4){ref-type="fig"}).

Triptolide-mediated ROCK1 activation and MLC and MYPT phosphorylation were also observed in other leukemia cell lines, including Jurkat and HL-60 cells ([Figure 4b](#fig4){ref-type="fig"}) and primary AML blasts ([Figure 4c](#fig4){ref-type="fig"}). However, these events were not observed in normal CD34^+^ bone marrow cells ([Figure 4d](#fig4){ref-type="fig"}). Taken together, these findings suggest that the ROCK1/MLC pathway may play an important role in triptolide-induced apoptosis in human leukemia cells.

Caspase-3, rather than RhoA, activated ROCK1 during triptolide-induced apoptosis
--------------------------------------------------------------------------------

ROCK1 is a prominent caspase-3 substrate that is cleaved and activated during apoptosis.^[@bib10],\ [@bib14]^ We examined the effects of caspase inhibitors (z-VAD-fmk or z-DEVD-fmk) on ROCK1 cleavage and MLC phosphorylation during triptolide-induced apoptosis. Pretreatment with z-VAD-fmk or z-DEVD-fmk significantly abrogated the triptolide-induced increase in apoptosis in both U937 cells and primary AML blasts ([Figure 5a](#fig5){ref-type="fig"}). Cotreatment of triptolide with z-VAD-fmk or z-DEVD-fmk also blocked the previously observed caspase-3 and PARP cleavage ([Figure 5b](#fig5){ref-type="fig"}). Interestingly, inhibiting caspase activity by z-VAD-fmk or z-DEVD-fmk also significantly blocked the ROCK1 activation and MLC phosphorylation mediated by triptolide ([Figure 5c](#fig5){ref-type="fig"}). These findings suggest that caspase-3 is responsible for activating ROCK1 and, therefore, phosphorylating MLC during triptolide-induced apoptosis.

As the kinase activity of ROCK1 is enhanced during apoptosis after ROCK1 binds RhoA,^[@bib34]^ we also investigated the effects of C3 exoenzyme, a RhoA inhibitor, on ROCK1 cleavage and activation during triptolide-induced apoptosis. Pretreatment of U937 cells and AML blasts with C3 did not diminish the triptolide-mediated increase in apoptosis, PARP cleavage, and caspase activation ([Figures 5d and e](#fig5){ref-type="fig"}). In addition, pretreatment with C3 did not abrogate the ROCK1 activation and MLC and MYPT phosphorylation induced by triptolide ([Figure 5f](#fig5){ref-type="fig"}). Taken together, these findings indicate that caspase-3, rather than RhoA, activates ROCK1 in triptolide-induced apoptosis.

ROCK1 activation and MLC phosphorylation may have important functional roles in triptolide-mediated apoptosis
-------------------------------------------------------------------------------------------------------------

ML-7, a specific MLC inhibitor, was used to further characterize the role of MLC in triptolide-mediated apoptosis. Pretreating both U937 cells and primary AML blasts with ML-7 (20 *μ*M) dramatically attenuated triptolide-mediated apoptosis ([Figure 6a](#fig6){ref-type="fig"}). Consistently, co-administering ML-7 with triptolide also reduced the PARP cleavage, caspase activation, and cytochrome *c* release induced by triptolide ([Figure 6b](#fig6){ref-type="fig"}). Western blots also showed that pretreatment with ML-7 inhibited the triptolide-mediated MLC phosphorylation ([Figure 6c](#fig6){ref-type="fig"}).

ROCK1 regulates MLC phosphorylation, and apoptotic cells exhibit gradual increases in phosphorylated MLC levels concomitant with ROCK1 cleavage.^[@bib11]^ We investigated whether modulating ROCK1 phosphorylation of MLC affected triptolide-induced apoptosis. Pretreating U937 and AML cells with Y27632, a ROCK1 inhibitor, dramatically prevented triptolide-mediated apoptosis ([Figure 7a](#fig7){ref-type="fig"}). Consistent with these findings, pretreating U937 cells and AML blasts with Y27632 also attenuated PARP cleavage, caspase activation, and cytochrome *c* release induced by triptolide ([Figure 7b](#fig7){ref-type="fig"}). Furthermore, pretreating with Y27632 dramatically abrogated the triptolide-induced ROCK1 activation and MLC and MYPT phosphorylation ([Figure 7c](#fig7){ref-type="fig"}).

Next, we knocked down ROCK1 expression in U937 cells using a ROCK1-specific short interfering RNA (siRNA). Knocking down ROCK1 expression significantly abrogated triptolide-mediated apoptosis and diminished triptolide-induced PARP cleavage, caspase activation, and cytochrome *c* release ([Figures 7d and e](#fig7){ref-type="fig"}). Western blots showed that U937 cells transfected with ROCK1 siRNA had reduced total ROCK1 and cleaved ROCK1 expression. Knocking down ROCK1 also reduced the triptolide-induced MLC and MYPT phosphorylation ([Figure 7f](#fig7){ref-type="fig"}). Taken together, these findings suggest that the ROCK1/MLC signaling pathway has an important functional role in triptolide-mediated apoptosis.

Triptolide suppressed tumor growth, induced apoptosis, and activated ROCK1/MLC signaling in a U937 xenograft model
------------------------------------------------------------------------------------------------------------------

To determine whether triptolide exhibits antileukemic activity *in vivo*, nude mice were inoculated with U937 xenografts. Decreased tumor growth was apparent 15 days after initiating triptolide treatment (0.15 mg/kg; *P*\<0.05 *versus* vehicle control). This suppressed tumor growth became more apparent after 20 days (*P*\< 0.01 *versus* vehicle control) and 25--40 days (*P*\<0.0001 *versus* vehicle control; [Figure 8a](#fig8){ref-type="fig"}). In contrast, no statistically significant changes in body weight were noted when comparing triptolide-treated and control mice ([Figure 8b](#fig8){ref-type="fig"}). Moreover, mice in the triptolide group did not exhibit any signs of toxicity such as agitation, impaired movement or posture, indigestion or diarrhea, and areas of redness or swelling. These findings indicate that triptolide administration significantly inhibited U937 xenograft growth without causing any side effects and/or toxicity in these mice.

Tumor samples were excised, sectioned, and analyzed by hematoxylin and eosin (H&E) staining and TdT-mediated dUTP nick-end labeling (TUNEL) assays to evaluate morphological changes and apoptosis in U937 cells *in vivo*. Tumors from control mice had typical histologic appearances whereas that of mice treated with triptolide had a marked decrease in cancer cells and signs of necrosis, inflammatory cell infiltration, and fibrosis ([Figure 8c](#fig8){ref-type="fig"}, top panels). Administering triptolide also significantly induced apoptosis in tumor cells, as measured by TUNEL positivity ([Figure 8c](#fig8){ref-type="fig"}, second panel). Immunohistochemistry analysis further revealed that triptolide-treated mice had increased immunoreactivity for cleaved caspase-3, another indicator of apoptosis ([Figure 8c](#fig8){ref-type="fig"}, third panel).

To further evaluate whether ROCK1/MLC signaling pathway could be involved in antileukemic activity mediated by triptolide *in vivo*, western blot and immunohistochemistry analyses were employed. Treating mice with triptolide resulted in dramatic increase in the levels of phospho-MLC ([Figure 8c](#fig8){ref-type="fig"}, bottom panels). Furthermore, treatment with triptolide resulted in a clear increase in cleavage/activation of ROCK1 ([Figure 8d](#fig8){ref-type="fig"}). Taken together, these findings indicate that triptolide significantly inhibited the growth of U937 xenografts without causing any side effects and that this effect was also associated with ROCK1 activation and MLC phosphorylation.

Discussion
==========

In the present study, we demonstrated that triptolide selectively induced mitochondrial injury and apoptosis in multiple human leukemia cell lines and primary human leukemia blasts *in vitro* at low nM concentrations ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}) and also inhibited the growth of U937 xenografts at low dosage (0.15 mg/kg/day, i.p.; [Figure 8](#fig8){ref-type="fig"}). Yang *et al.*^[@bib35]^ reported that the antitumor effect of triptolide (at nM concentrations) was comparable or even superior to that of conventional antitumor drugs (at *μ*M concentrations) such as adriamycin, mitomycin, and cisplatin. Similarly, in the mouse model system, triptolide was more potent than adriamycin, mitomycin, or cisplatin in inhibiting the growth of tumor xenografts.^[@bib35]^ Our and other results suggest that triptolide has very attractive features as an antitumor agent with regard to its high potency. Because triptolide selectively kills leukemia cells and inhibits the tumor growth of U937 xenografts without apparent toxicity, triptolide could be developed into a new antitumor agent for treating leukemia.

Mitochondria are cellular organelles that regulate commitment to and execution of apoptosis.^[@bib36]^ Mitochondrial outer membrane permeabilization (MOMP) allows cell death factors such as cytochrome *c* to be released into the cytoplasm, thus inducing caspase activation and apoptosis.^[@bib37]^ MOMP is mainly controlled by the Bcl-2 family of proteins that consists of both proapoptotic and antiapoptotic members.^[@bib38]^ Numerous studies showed that triptolide-induced apoptosis depends on mitochondrial-mediated pathway in various types of cancer cells. Triptolide induces apoptosis in cervical cancer cells that was accompanied by loss of mitochondrial membrane potential and cleavage/activation of caspase-3, -9, and PARP.^[@bib26]^ Downregulation of Mcl-1 may contribute to mitochondrial cell death mediated by triptolide. Triptolide induces apoptosis in human adrenal cancer NCI-H295 cells through a mitochondrial-dependent pathway (i.e., the loss of mitochondrial membrane potential, cytochrome *c* and Apaf-1 release, and activation of caspase-3 and caspase-9).^[@bib39]^ It has also been shown that triptolide induces mitochondrial-dependent apoptosis in multiple human leukemia cell lines and primary leukemia blasts through downregulation of XIAP and Mcl-1.^[@bib17],\ [@bib40]^ Consistent with these reports, our results showed that triptolide-induced apoptosis in human leukemia cells is accompanied by the loss of mitochondrial membrane potential ([Figure 1b](#fig1){ref-type="fig"}) and release of cytochrome *c* into the cytoplasm ([Figure 1c](#fig1){ref-type="fig"}). Bax translocation from the cytosol to the mitochondria may be involved in triptolide-mediated mitochondrial damage and apoptosis. Our findings indicate that triptolide-mediated apoptosis in human leukemia cells proceeds through the mitochondrial pathway.

In this study, we also provided evidence that the ROCK1/MLC signaling pathway plays an essential role in this triptolide-mediated apoptosis. ROCK1 is one of two ROCK isoforms (ROCK1 and ROCK2). ROCK is a known effector of Rho GTPases that are involved in various cellular processes such as apoptosis.^[@bib31]^ A number of studies have revealed that ROCK is frequently deregulated in many human cancers. ROCK1 mutations contribute to cancer progression and have been identified in human tumors with elevated kinase activities.^[@bib41]^

ROCK1 activity can be regulated by several distinct mechanisms, including RhoA and caspase-3 activation. ROCK1 is activated by RhoA-GTP via a conformational change that shifts the inhibitory carboxyl-terminal domain of ROCK1 away from its active kinase site.^[@bib2]^ The RhoA/ROCK1 pathway is activated by numerous extracellular stimuli. For example, ethanol induces RhoA-mediated ROCK1 activation,^[@bib42]^ and lipid mediators, such as arachidonic acid (AA) and sphingosylphosphorylcholine (SPC), can also interact with the inhibitory ROCK carboxyl-terminal domain to stimulate ROCK activity independent of RhoA. At the cellular level, AA or SPC/ROCK pathways mainly increase calcium sensitivity in smooth muscle cells.^[@bib43],\ [@bib44]^

ROCK1 can also be constitutively activated by the proteolytic cleavage of its inhibitory carboxyl-terminal domain. ROCK1 is cleaved by caspase-3 at DETD1113 during apoptosis.^[@bib10],\ [@bib11]^ Caspase-3 is believed to be responsible for activating ROCK1 in apoptotic cells.^[@bib10],\ [@bib11],\ [@bib12],\ [@bib14]^ Our results strongly support the hypothesis that ROCK1 is activated by caspase-3, rather than RhoA, during triptolide-mediated apoptosis. Cotreating U937 and AML cells with triptolide and a caspase inhibitor (z-VAD-fmk or z-DEVD-fmk) significantly abrogated the ROCK1 activation induced by triptolide ([Figure 5c](#fig5){ref-type="fig"}). Triptolide also did not induce RhoA activation ([Figure 4a](#fig4){ref-type="fig"}). In fact, pretreating cells with C3, a RhoA inhibitor, did not abrogate or attenuate triptolide-mediated ROCK1 activation, caspase-3, caspase-9, and PARP cleavage, or apoptosis ([Figures 5d--f](#fig5){ref-type="fig"}). Thus, caspase-3 is likely responsible for ROCK1 activation during triptolide-mediated apoptosis. Most interestingly, activation of ROCK1 mediated by triptolide also promoted caspase-3 activation and apoptosis. Inhibition of ROCK1 by Y-27632, a ROCK1 inhibitor, effectively blocked caspase-3 activation and apoptosis mediated by triptolide ([Figures 7a and b](#fig7){ref-type="fig"}). Furthermore, knocked down ROCK1 expression by a ROCK1-specific siRNA also prevented triptolide-induced caspase-3 activation and apoptosis ([Figures 7d and e](#fig7){ref-type="fig"}). Such findings suggest that activation of ROCK1 generated a positive feedback loop for caspase-3 activation.

ROCK1 activation results in the phosphorylation of various target proteins, including MLC^[@bib6]^ and MYPT.^[@bib7]^ Caspase-3-mediated ROCK1 activation is responsible for increased MLC phosphorylation in various cell types,^[@bib10],\ [@bib11]^ and increased MLC phosphorylation can stimulate actomyosin contractility.^[@bib45]^ Our results showed that triptolide increased both MLC and MYPT phosphorylation ([Figure 4a](#fig4){ref-type="fig"}), both of which were effectively blocked by Y-27632, a ROCK1 inhibitor ([Figure 7c](#fig7){ref-type="fig"}). Y-27632 also prevented triptolide-induced apoptosis ([Figure 7a](#fig7){ref-type="fig"}). RhoA inhibition by C3 did not prevent triptolide-induced MLC phosphorylation ([Figure 5f](#fig5){ref-type="fig"}); in contrast, the caspase inhibitors z-VAD-fmk and z-DEVD-fmk were able to abrogate the triptolide-induced MLC phosphorylation ([Figure 5c](#fig5){ref-type="fig"}). Furthermore, ML-7, a specific MLC inhibitor, significantly prevented the increase in apoptosis induced by triptolide ([Figure 6a](#fig6){ref-type="fig"}). Together, these findings further support the role of caspase-3, rather than RhoA, in activating ROCK1 during triptolide-mediated apoptosis. ROCK1 then phosphorylates MLC and MYPT that leads to apoptosis.

In summary, our present findings indicate that triptolide effectively induces apoptosis in human leukemia cells, including primary leukemia blasts, and inhibits the tumor growth of leukemia xenografts. These effects are associated with ROCK1 activation and MLC and MYPT phosphorylation. Our results also suggest that ROCK1 is cleaved by caspase-3, rather than RhoA, in this process. The activation of ROCK1 then further promotes caspase-3 activation and apoptosis induced by triptolide. The activation of ROCK1 and caspase-3 might represent a positive feedback loop resulting in triptolide-mediated apoptosis ([Figure 8e](#fig8){ref-type="fig"}). The ROCK1 activation and MLC phosphorylation mediated by triptolide could be a potential therapeutic intervention for treating leukemia and potentially other hematologic malignancies.

Materials and Methods
=====================

Reagents and compounds
----------------------

Triptolide was purchased from Alexis Biochemicals (San Diego, CA, USA); z-Asp-Glu-Vad-Asp(Ome)-fluoromethylketone (z-DEVD-fmk) and z-Val-Ala-Asp(Ome)-fluoromethylketone (z-VAD-fmk) from Enzyme Systems Products (Livermore, CA, USA); exoenzyme C3 and 1-(5-iodonapthalene-1-sulfonyl) homopiperazine hydrochloride (ML-7) from Calbiochem (La Jolla, CA, USA); and Y-27632 from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Antibodies against cleaved caspase-3, cleaved caspase-9, cytochrome *c* oxidase (COX)-IV, RhoA, MLC, phospho-MLC (Thr18/Ser19), MYPT1, and phospho-MYPT1 (Thr696) were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies against AIF, cytochrome c, *β*-actin, and histone H1 were purchased from Santa Cruz Biotechnology. Antibodies against PARP, Bax, and ROCK1 were purchased from Epitomics (Burlingame, CA, USA). Alexa Fluor 647 donkey anti-rabbit IgG and Alexa Fluor 488 donkey anti-rabbit IgG were purchased from Invitrogen (Grand Island, NY, USA).

Cell isolation and culture
--------------------------

Human leukemia cell lines U937, Jurkat and HL-60 were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) at 3.5 × 10^5^/ml. Fresh primary leukemia patient samples and normal bone marrow specimens were acquired after obtaining informed consent, according to institutional guidelines and the declaration of Helsinki. Approval was obtained from the Southwest Hospital (Chongqing, China) Institutional Review Board for these studies. Mononuclear cells were isolated from the samples using Ficoll-Plaque (Pharmacia Biotech, Piscataway, NY, USA) density gradient separation. Cells were suspended at 1 × 10^6^/ml and cultured in RPMI-1640 medium supplemented with 10% FBS.

Apoptosis assay
---------------

Apoptotic cells were identified by FITC-conjugated Annexin V/propidium iodide (PI) staining (BD Pharmingen, San Diego, CA, USA) according to the manufacturer\'s instructions, and analyzed with a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA). Both early apoptotic (Annexin V-positive, PI-negative) and late apoptotic (Annexin V-positive and PI-positive) cells were included in cell death measures.

To determine levels of apoptosis in normal CD34^+^ cells, cells were incubated with anti-CD34-phycoerythrin (anti-CD34-PE; Becton Dickinson, for 20 min. FITC-conjugated Annexin V/PI staining was then used. The proportion of cells undergoing treatment that were apoptotic was calculated according to apoptosis levels observed in the normal CD34^+^ cells.

Mitochondrial membrane potential (MMP)
--------------------------------------

After triptolide treatment, U937 cells were collected and washed twice in 0.1 M phosphate-buffered saline (PBS). Cells were then resuspended in PBS at 1 × 10^5^/ml, and rhodamine-123 (Sigma-Aldrich, Saint-Louis, MO, USA) at a final concentration of 1 *μ*M was added. After incubating for 30 min at 37°C, cells were washed twice with PBS and then analyzed using FACSCalibur flow cytometer at an excitation wavelength of 488 nm and an emission wavelength of 525 nm. Fluorescent signal intensity was examined by Cellguest software (Becton Dickinson). For each sample, 10 000 events were collected, and MMP was assessed by mean fluorescence intensity.

Immunoblotting
--------------

Immunoblotting analysis was performed as described previously.^[@bib46]^ Briefly, treated cells were washed with PBS and lysed in 1 × NuPAGE LDS sample buffer (Invitrogen, Carlsbad, CA, USA) to obtain total protein lysates. Mitochondrial and cytosolic fractions were obtained using the Cell Mitochondria Isolation Kit (Beyotime, Jiangsu, China), and nuclear extracts were obtained using the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime). Protein concentrations were determined using the Enhanced BCA Protein Assay Reagent (Beyotime). Equal amounts of cell lysate were loaded onto SDS-PAGE gels and then transferred to PVDF membranes. Membranes were blocked with 5% fat-free dry milk in Tris-buffered saline (TBS), containing 0.05% Tween-20, and incubated with primary antibodies. Protein bands were detected by horseradish peroxidase-conjugated species-specific secondary antibodies (Kirkegaard and Perry Laboratories, Gaithersburg, MD, USA). Bands were visualized with enhanced chemiluminescence reagent (Perkin-Elmer Life Sciences, Boston, MA, USA).

Immunofluorescence
------------------

Immunofluorescence analysis was performed as described previously.^[@bib47]^ Briefly, cells were fixed in 4% paraformaldehyde for 30 min and then permeabilized by 0.1% Triton X-100 in PBS for 15 min at room temperature. Next, cells were blocked with 3% bovine serum albumin in PBS for 30 min at room temperature. To detect nuclear accumulation of AIF, cells were further incubated with primary polyclonal anti-AIF antibody (1 : 50) at 4°C overnight, followed by secondary Alexa Fluor 647 donkey anti-rabbit IgG (1 : 300) for 1 h at room temperature. After washing, nuclei were counterstained for 10 min with 0.1 mg/ml 4′, 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) and then sealed in anti-fade reagent (Beyotime).

To analyze Bax and mitochondrial colocalization, cells were pretreated with 500 nM MitoTracker Red CMXRos (Invitrogen-Molecular Probes, Eugene, OR, USA) for 30 min at 37°C, washed three times in PBS, and then treated with triptolide. After treatment, cells were fixed and blocked. Next, cells were incubated with primary polyclonal anti-Bax antibody (1 : 50) at 4°C overnight, followed by secondary Alexa Fluor 488 donkey anti-rabbit IgG (1 : 300) for 1 h at room temperature. After washing in PBS, the slides were sealed with anti-fade reagent. Confocal micrographs were taken by a laser confocal scanning microscope (TCS SP5; Leica Microsystems, Mannhein, Germany).

RhoA activation assay
---------------------

RhoA-GTP levels were assessed with Rhotekin Rho Binding Domain-GST-Fusion, Human, Recombinant, Agarose Conjugate (Calbiochem, San Diego, CA, USA) according to the manufacturer\'s recommendations. Briefly, cells were rapidly lysed at 4°C and incubated with Rhotekin-RBD affinity beads to specifically pull down RhoA-GTP. Cells were then centrifuged at 2000 r.p.m. for 2 min and washed in Wash Buffer. RhoA levels were quantified by running bead/protein complexes in loading buffer containing 0.1 M DTT. Bound RhoA-GTP was detected by incubating with a RhoA-specific antibody, followed by a secondary horseradish peroxidase-conjugated antibody. Reactive proteins were visualized by enhanced chemiluminescence.

RNA interference
----------------

The siRNA-encoding sequences against ROCK1 (5′-CAGCAAAGAGAGTGATATTCTCGAGAATATCACTCTCTTTGCTG-3′) were constructed in lentiviral RNAi vectors (hU6-MCS-ubiquitin-EGFP-IRES-puromycin). Scrambled siRNA was used as a negative control. Lentiviral vectors were co-transfected into 293Ta cells, and the lentiviral supernatant was harvested 48 h after transfection. U937 cells were infected by lentiviral supernatant with 5 mg/ml polybrene; infected cells were then selected for by 5 mg/ml puromycin. Thereafter, cells from each clone were analyzed for ROCK1 expression by western blots, and the most efficient siRNA downregulating ROCK1 expression was used in all experiments.

Xenograft assay
---------------

Nude mice, aged 5 weeks, were purchased from Vital River Laboratories (VRL, Beijing, China). Animal studies were approved by the university institutional animal care and use committee. U937 cells (total: 2 × 10^6^ cells) were resuspended in a 1 : 1 ratio (total volume: 100 *μ*l) in serum-free RPMI-1640 medium with a Matrigel basement membrane matrix. U937 cells were injected subcutaneously into the right flanks of the mice. Mice were randomized into two groups (*n*=12 for each group). At 5 days after tumor inoculation, mice received either triptolide (0.15 mg/kg, intraperitoneally for 40 days) or an equal volume of vehicle control. Tumor volume and body weight were measured every 5 days. Tumor volumes were determined by measuring tumor length (*l*) and width (*w*), and then calculating the tumor volume using V=*lw*^2^/2. Mice were killed after 40 days of drug exposure, and tumor tissues were fixed in paraformaldehyde. Paraffin-embedded and sectioned tissues were processed for H&E staining. The TUNEL assay was performed according to the manufacturer\'s instructions using the *In Situ* Cell Death Detection kit (Roche, Mannheim, Germany) to detect apoptosis in the tumor tissues. Immunohistochemistry was performed as previously described.^[@bib48]^

Statistical analyses
--------------------

Results were expressed as mean±S.D. of at least five independent experiments. Comparisons between groups were evaluated by Student\'s *t*-test. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 were considered statistically significant.
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AML

:   acute myeloid leukemia

PI

:   propidium iodide

PARP

:   poly-ADP-ribose polymerase

AIF

:   apoptosis-inducing factor

Bax

:   Bcl2-associated X protein

ROCK

:   Rho-associated coiled-coil containing protein kinase

MLC

:   myosin light chain

MYPT

:   myosin binding subunit of MLC phosphatase

C3

:   C3 exoenzyme

GST-RBD

:   glutathione *S*-transferase linked to the RhoA binding domain of Rhotekin

TUNEL

:   TdT-mediated dUTP-biotin nick-end labeling
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![Triptolide induced apoptosis and mitochondrial injury in multiple leukemia cell lines. (**a**) The chemical structure of triptolide, C~20~H~24~O~6~, molecular weight: 360.4. (**b** and **c**) U937 cells were treated with various triptolide (TPL) concentrations for 24 h or with 40 nM triptolide for different lengths. The percentage of apoptotic cells was determined by FACS analysis using Annexin V/PI staining. Mitochondrial membrane potentials (ΔΨm) were detected by rhodamine-123 staining and flow cytometry. Values represent the mean±S.D. for five separate experiments. Total protein lysates, nuclear extracts, and cytosolic fractions were analyzed by immunoblotting using the indicated antibodies. (**d**) After triptolide treatment, cells were collected and stained with anti-AIF (green) and 4′,6-diamidino-2-phenylindole (DAPI; blue) to identify cellular nuclei. Fluorescence was visualized by a laser confocal scanning microscope. Scale bar represents 10 *μ*m. These data are representative of three independent experiments. (**e** and **f**) U937, Jurkat, and HL-60 cells were treated with or without 40 nM triptolide for 24 h, after which apoptosis was determined by FACS analysis using Annexin V/PI staining. Total protein lysates, nuclear extracts, and cytosolic fractions were analyzed by immunoblotting using the indicated antibodies. CF, cleavage fragment; C, cytosolic fractions; N, nuclear extracts](cddis2013469f1){#fig1}

![Triptolide induced apoptosis in primary human leukemia blasts but not in normal CD34^+^ cells. (**a**) Primary leukemia blasts from 44 patients were treated with 40 nM triptolide for 24 or 36 h, after which apoptosis was determined by FACS analysis using Annexin V/PI staining. Upper panel: representative FACS images. Lower panel: numbers indicate the percentage of apoptotic cells; each symbol represents results from individual patients. (**b**) Total protein lysates and cytosolic fractions of the samples from four AML patients were then obtained and analyzed by immunoblotting using the indicated antibodies. (**c**) Normal CD34^+^ cells were isolated from 6 normal bone marrow samples and exposed to 40 nM triptolide for 24 or 36 h. The percentage of apoptotic cells was determined by FACS analysis using Annexin V/PI staining. (**d**) Two normal donors were treated with 40 nM triptolide for 24 or 36 h. Total protein lysates and cytosolic fractions of these samples were then obtained and analyzed by immunoblotting using the indicated antibodies](cddis2013469f2){#fig2}

![Triptolide induced Bax translocation in multiple leukemia cell lines. (**a**) U937 cells were treated with various triptolide concentrations for 24 h or with 40 nM triptolide for different lengths, after which cytosolic and mitochondrial fractions were isolated and subjected to immunoblot analysis by using an anti-Bax antibody. (**b**) U937 cells were treated with or without 40 nM triptolide for 24 h. Cells were collected and stained with anti-Bax (green) and MitoTracker (red) to identify mitochondria. Fluorescence was visualized by a laser confocal scanning microscope. Scale bar represents 10 *μ*m. These data are representative of three independent experiments. (**c**) U937, Jurkat, and HL-60 cells were treated with or without 40 nM triptolide for 24 h, after which cytosolic and mitochondrial fractions were isolated and subjected to immunoblot analysis by using an anti-Bax antibody](cddis2013469f3){#fig3}

![Triptolide induced ROCK1 activation and MLC and MYPT phosphorylation. (**a**) U937 cells were treated with various triptolide concentrations for 24 h or with 40 nM triptolide for different lengths. Total protein lysates were analyzed by immunoblotting using the indicated antibodies. RhoA-GTP was evaluated using a Rhotekin RBD-GST pull-down. (**b**) U937, Jurkat, and HL-60 cells were treated with or without 40 nM triptolide for 24 h. Total protein lysates were analyzed by immunoblotting using the indicated antibodies. Samples from four AML patients (**c**) and two normal donors (**d**) were treated with 40 nM triptolide for 24 or 36 h. The total protein lysates of these samples were obtained and analyzed by immunoblotting using the indicated antibodies](cddis2013469f4){#fig4}

![Caspase-3, rather than RhoA, activated ROCK1 during triptolide-induced apoptosis. Caspase inhibitors (z-VAD-fmk or z-DEVD-fmk) and a Rho inhibitor (C3 exoenzyme) were used to explore the mechanism behind ROCK1 activation. The percentage of apoptotic cells was determined by FACS analysis using Annexin V/PI staining. Error bars represent the mean±S.D. (*n*=5). Total protein lysates were analyzed by immunoblotting using the indicated antibodies. Results are representative of three independent experiments. (**a--c**) U937 cells and blasts from one AML patient were pretreated with 20 *μ*M z-VAD-fmk or z-DEVD-fmk for 2 h followed by treatment with or without 40 nM triptolide for 24 h. (**d**--**f**) U937 cells and blasts from one AML patient were transfected with 5 *μ*g C3 (premixed with FuGENE 6 Reagent in RPMI-1640 medium). After 5 h of incubation, cells were treated with or without 40 nM triptolide for 24 h](cddis2013469f5){#fig5}

![Inhibiting MLC phosphorylation significantly decreased triptolide-induced apoptosis. U937 cells and blasts from one AML patient were pretreated with 20 *μ*M ML-7, a MLC kinase inhibitor, for 2 h followed by treatment with or without 40 nM triptolide for 24 h. (**a**) The percentage of apoptotic cells was determined by FACS analysis using Annexin V/PI staining. Error bars represent the mean±S.D. (*n*=5). (**b** and **c**) Total protein lysates and cytosolic fractions were analyzed by immunoblotting using the indicated antibodies. Results were representative of three independent experiments](cddis2013469f6){#fig6}

![Inhibiting ROCK1 activation attenuated triptolide-induced apoptosis. (**a**) U937 cells and blasts from one AML patient were pretreated with 20 *μ*M Y-27632, a ROCK1 inhibitor, for 2 h followed by treatment with 40 nM triptolide for 24 h. The percentage of apoptotic cells was determined by FACS analysis using Annexin V/PI staining. Error bars represent the mean±S.D. (*n*=5). (**b** and **c**) Total protein lysates and cytosolic fractions were analyzed by immunoblotting using the indicated antibodies. Results are representative of three independent experiments. (**d**) U937 cells were stably transfected with lentivirus containing ROCK1-specific siRNA (si-ROCK1) or a scrambled control siRNA. Cells were treated with or without 40 nM triptolide for 24 h, and apoptosis was measured by FACS analysis using Annexin V/PI staining. Error bars represent the mean±S.D. (*n*=5). (**e** and **f**) Total protein lysates and cytosolic fractions were analyzed by immunoblotting using the indicated antibodies. Results are representative of three independent experiments](cddis2013469f7){#fig7}

![Triptolide inhibited the growth of U937 xenografts. A total of 24 nude mice were inoculated with U937 cells and randomly divided into two groups (12 mice/group) that were treated with either vehicle or triptolide. (**a**) Tumor volumes were measured at the indicated intervals (upper panel) and images are shown for five representative tumors from each group after 40 days of treatment (lower panel). Data are shown as the mean±S.D. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001. (**b**) Changes in body weight in the mice during 40 days of triptolide treatment. (**c**) Tumors were fixed and stained with H&E to examine tumor cell morphology. TUNEL assays were used to determine the apoptotic effects of triptolide. Immunohistochemistry was used to determine the levels of cleaved caspase-3 and phospho-MLC. Scale bar represents 50 *μ*m. (**d**) After treatment, tumors from the vehicle and triptolide groups were lysed and subjected to immunoblotting with anti-ROCK1. Results are representative of three independent experiments. (**e**) An illustration of the molecular mechanism of triptolide-induced apoptosis. Exposure to triptolide results in activation of ROCK1 and MLC and MYPT phosphorylation, leading in turn to Bax translocation, culminating in cytochrome *c* release (Cyto *c*), caspases activation, and apoptosis. Activated caspase-3 in turn causes activation of ROCK, thus creating a positive feedback loop](cddis2013469f8){#fig8}
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